The Robot Programming Network (RPN) is an initiative for creating a network of robotics education laboratories with remote programming capabilities. It consists of both online open course materials and online servers that are ready to execute and test the programs written by remote students. Online materials include introductory course modules on robot programming, mobile robotics and humanoids, aimed to learn from basic concepts in science, technology, engineering, and mathematics (STEM) to more advanced programming skills. The students have access to the online server hosts, where they submit and run their programming code on the fly. The hosts run a variety of robot simulation environments, and access to real robots can also be granted, upon successful achievement of the course modules. The learning materials provide step-by-step guidance for solving problems with increasing level of difficulty. Skill tests and challenges are given for checking the success, and online competitions are scheduled for additional motivation and fun. Use of standard robotics
Introduction
Remote laboratories and online robotic systems have been around for nearly two decades, with considerable success [45] . With the advent of cross-platform middleware [38] and the adoption of new powerful World Wide Web standards [33] , we may well be approaching a new golden era for web-based laboratories.
The availability of such platforms will surely increase the productivity of the research community, yet they will become invaluable as educational resources, for students and interested public. Sophisticated intelligent robotic platforms could be made accessible worldwide, the only cost being an Internet connection for the user.
Nowadays, there already exists a myriad of webenabled intelligent systems, ready to be remotely controlled, their sensors and outputs visualized. An awesome example is the PR2 Remote Lab [36] , which enables a large community of researchers to use a state-of-the-art yet expensive platform.
However, to our knowledge, most systems are built ad-hoc with their customized solutions for management and development. The lack of a standardized remote laboratory framework and the dilemma between offering capabilities and maintaining security prevents the widespread extension of the access to such systems. Usually, the interface only makes it possible to control the elements of the robot. In some cases, scripting capabilities for executing a limited set of commands are provided [28] .
In this paper, we present a system that allows users of a Virtual Learning Environment to seamlessly work with web-based laboratories consisting of real robots or 2D/3D simulators. User programs consist of fullyfunctional source code written on any of the supported programming languages (Python, Lisp, Matlab). The code is executed in the remote laboratory, thus it can access all the available information and services, without any additional remote communication overhead during execution. Upon finishing, the output of the process is returned back to the user's browser, and the generated data is readily available to download for further analysis.
The distributed nature of the framework is the key factor for its scalability, allowing the extension to a large number of learning environments and remote laboratories. Security is emphasized through user authentication services, adequate Application Programming Interfaces (API) and the use of Virtual Machines (VM) for the execution of the user's code.
Motivation and Related Work
The RPN project (www.robotprogramming.net) aims to bring together three components (robots, Internet, and programming), which, up to now, have been grouped into pairs with considerable success. Our aim is to advance a step further, combining the potential of all three technologies into a unique learning framework (Fig. 1) .
Networked Robots
Practically from its conception between the late 1980s and early 1990s, the Internet was realized to allow remote users to interact with and monitor robots and autonomous systems [45] . With the major achievement of being online for over ten years, the Telerobot of the University of Western Australia (UWA) has become one of the most popular remote laboratories, and similar systems have proliferated since then [13, 20, 23, 24, 28, 32, 34, 41] .
The PR2 Remote Lab [34, 36] represents a milestone in online robot systems. Previous attempts focused on simple experiments and online learning, and did not build upon shared robot middleware frameworks. This laboratory uses Robot Web Tools [3], a collection of open-source modules and tools for building web-based robot apps, allowing web applications to interface with a variety of robots running ROS.
Another milestone in the development of online robotics is the RoboEarth project [47] : it is a more ambitious system, which consists of a network and database repository where robots can share information and learn from each other about their behavior and their environment.
Robot benchmarking also benefits from the availability of common online platforms for the development and testing of algorithms [6] . To do so, easy means of executing robot programs should be available. A REST-based architecture has been proposed in [17] and demonstrated in [18] with remote experiments on visual servoing.
While most existing remote laboratories have proven highly successful and invaluable for spreading the use and knowledge of online robots, in our opinion a gap has not yet been filled: the need for providing
